The steady state extension and rotation rates of the Phycomyces sporangiophore were measured as a function of temperature. Maximum growth occurred at 27°C; maximum rotation at 28°C. The rotation to extension ratio, a qualitative parameter of cell wall structure, is affected differently by high and low temperatures. Steady state counterclockwise rotation, as opposed to the normal clockwise rotation, was found at both high and low temperatures. The extensional and rotational responses to step changes in temperature were also measured. The conclusions are drawn that a relative decrease in the lysis rate of wall polymer is responsible for the decrease in growth rate at low temperatures, and that a relative increase in the rate of wall synthesis and cross-linking is responsible for the decrease in growth rate at high temperatures. It is suggested that reversals in rotation result from changes in the handedness of the wall's helical structure.
The steady state extension and rotation rates of the Phycomyces sporangiophore were measured as a function of temperature. Maximum growth occurred at 27°C; maximum rotation at 28°C. The rotation to extension ratio, a qualitative parameter of cell wall structure, is affected differently by high and low temperatures. Steady state counterclockwise rotation, as opposed to the normal clockwise rotation, was found at both high and low temperatures. The extensional and rotational responses to step changes in temperature were also measured. The conclusions are drawn that a relative decrease in the lysis rate of wall polymer is responsible for the decrease in growth rate at low temperatures, and that a relative increase in the rate of wall synthesis and cross-linking is responsible for the decrease in growth rate at high temperatures. It is suggested that reversals in rotation result from changes in the handedness of the wall's helical structure.
The left-handed helical growth of the giant, single-celled sporangiophores of the fungus Phycomyces was first studied by Oort (11) . Castle (4) found that the direction of rotation could be reversed by raising the temperature.
Castle (5) (20) found counterclockwise rotation in part ofthe radially-expanding pil mutant.
The mechanisms of helical growth and its reversal in direction from stage IVa to IVb have long been searched for. Preston (14) modeled the reversal in rotation as resulting from a change in mechanical constants ofa left-handed spring. Ortega and Gamow (12) explained the reversal as resulting from a change in the predominant growth mechanism, from fibril slippage to fibril reorientation. Both theories explained the change in the handedness of rotation without a change in the handedness of the wall structure. Further information on the nature of reversals in helical growth could lead to a solution to the problem.
A change in handedness of wall structure should result in a change in handedness of helical growth. Possibly temperatureinduced reversals of rotation result from temperature-influenced changes in structure. The growth and morphogenesis of plants and fungi are sensitive to temperature, sometimes showing temperature-induced morphological variations in shape and color (18) . These alterations can be influenced both by the temperature and by the rate of temperature change (17) .
After discovering reversals in the direction of cell rotation at low as well as at high temperatures, we decided to further investigate temperature-induced reversals of helical growth in Phycomyces. We have examined how both the elongational and rotational growth of Phycomyces are influenced by temperature. We looked both at the effect of temperature on steady-state growth and at the kinetic responses to step-changes in tempera- Decreases in temperature were effected by transferring the sporangiophores immediately to the cold room. Increases in temperature were effected by turning on the blower with high heat. Sporangiophores were sheltered from the wind by the acrylic box. The stainless-steel base allowed rapid heat transfer into the box. The thermocouple tip was used to measure the temperature of the air inside the box next to the sporangiophore.
Warmer-than-room temperatures were subsequently maintained by a low current through the heater. Growth (both elongational and rotational) and temperature measurements were made every 5 min, for 1 h before the step change and 2 h afterward.
RESULTS
Both the rotational and extensional growth rates were found to be a function of temperature (Fig. 1) . Transpiration lowers the temperature of the growing zone by about 1°C (2), so the temperatures used are environmental, not local. shows the rotation-to-extension ratio as a function of temperature. This curve was derived from the data shown above it. Clockwise rotation is given as positive, and counterclockwise rotation as negative. An Arrhenius plot of the extension data closely resembles the results of Castle (3), with a break at about 170C.
Although the average rotation rate at 5.0°C was positive, about a third of the sporangiophores showed negative rotation, evidenced by the position of the error bar. Sporangiophores that showed counterclockwise rotation, whether at 30.0°C or at 11.2 (occasional examples) or 5.0°C, generally maintained their direction of rotation for as long as they were observed, for up to 8 h. Sporangiophores that were showing rotation rates close to zero would sometimes vacillate between periods of slight clockwise and slight counterclockwise rotation.
Seven repetitions were run for each of the four temperaturechange experiments. Figure 2 shows the average response of both rotation and extension to a step up from room temperature to 30.0°C. Figure 3 shows the average response to a drop from 30.0°C to room temperature. Figure 4 to a step down from room temperature to 1.2°C. Figure 5 shows the average response to an increase in temperature from 11.2°C to room temperature. Figures 2 through 5 also show the rotationto-extension ratios during the experiments. DISCUSSION Cell wall growth is the result of the mechanical response of a wall under stress. The mechanical properties of the wall are determined by how its variety of polymers are held together by covalent and intermolecular bonds. The direction of cell wall growth depends on the cell wall structure, so that the variations in the angle of helical growth could result from variations in the pattern of synthesis and deposition of the microfibrils into the cell wall itself. Temperature-induced variations in cell wall polymer structure are consistent with the temperature-induced changes in morphology seen in plants.
Fungal wall growth results from a balance between competing processes in the wall (1). These processes include synthesis and cross-linking on one hand, and enzymatic loosening and extension on the other. Enzymic loosening, effected by such agents as 4 . Growth response of Phycomyces to a change in temperature from 23.6 to 11.2°C. R/E ratio is the average rotation rate divided by the average extension rate.
chitinase (6) , weakens the wall, favoring further extension. Cell wall extension thins the wall, making it structurally weaker. In synthesis, new wall material is added, maintaining the thickness of the expanding wall. Cross-linking, which follows the synthesis of new wall material (19) , strengthens the wall, adding to its structural integrity, as various inter-and intramolecular bonds are formed in the wall polymers.
Ortega et al. (13) have found that turgor does not change during the light-growth response. This means that the hydraulic conductivity of the Phycomyces cell is high. Then the ratelimiting step to cell growth in Phycomyces must lie in the wall extension process, rather than in water uptake and maintenance of turgor. However, a decrease in temperature can lower the turgor. From the van't Hoff equation, the turgor pressure should be about 4% lower at 11.2°C than at room temperature, and 2% higher at 30.0°C.
At both high and low temperatures, Phycomyces shows a decrease in growth rate (Fig. 1) . At low temperatures, the reduction in growth can be simply explained as a slowdown in the rate of enzymic loosening as compared to the wall strengthening processes of synthesis and cross-linking. This change in the Although chitin synthetase shows maximal activity at 280C, its decrease in activity, from enzyme inactivation, does not drop to half until 42°C (9) . We have found that Phycomyces stops growing at 32°C, a temperature at which chitin synthesis is still apparently active. The decline in growth rate at high temperature probably results from a relative increase in the rates of wall synthesis and cross-linking, as synthesis and cross-linking exceed extension and loosening, strengthening the wall and slowing growth.
The rotation to extension ratio (R/E) depends on the orientation of polymer structure in the inner, load-bearing section of the wall. It has been shown that the Phycomyces wall normally has a flat, right-handed helical structure (15, 16) . Clockwise rotational growth results from a right-handed helical wall structure, while counterclockwise growth would result from a lefthanded helical wall structure. The flatter the helical structure in the wall, the smaller R/E will be. A perfectly-flat helix (hoop structure) would result in extension without rotation.
The rotation to extension ratios in Figure 1 suggest that the structure of the wall, not merely the kinetics of growth, changes with temperature. At both high and low temperatures, the overall orientation of the wall helix becomes flatter. When the direction of rotation changes from clockwise to counterclockwise, the effective handedness of the wall helix changes from right to left handed. Cell wall orientation in green plants is generally thought to result from ordered microtubule arrays (10) . If this is true for green plants, it should also be true for the fungi. Microtubules are known to be strongly affected by temperature. A breakdown in microtubule order may very well lead to a decrease in wall asymmetry that would result in the observed reduction in R/E.
When the sporangiophore is subjected to cold (Fig. 4) , it takes much longer for R/E to shift than it does for the growth rate to adjust. This is consistent with a wall-ordering microtubule structure that is not immediately disrupted by being cooled down, but with an overall slowdown in the rates of wall formation and extension. The apparent jump in the R/E ratio at the 10th min in Figure 4 is probably not significant. Figure 5 shows that, when the temperature is increased from 11.2°C to room temperature, both the extension and rotation rates show a distinct rise then fall before increasing to their steady state values. This response resembles the response to a light pulse. Possibly this reflects that the different wall-growth processes have different temporal reactions to a temperature increase in this range.
When the temperature is dropped to 23.6°C from 30.0°C (Fig.  3) , the extension rate increases very slowly, not reaching the room-temperature value even after 2 h. This implies a stiff wall that is being reinforced almost as fast as it is being weakened. Meanwhile, R/E increases to well over its normal value, suggesting that the new reinforcing wall was assuming a steeper-thannormal helical order.
These experimental growth responses should be explained in any model ofthe helical growth ofPhycomyces. The temperature responses of synthesis, of different types of cross-linking, and of loosening would all have to be investigated separately before the temperature dependence of their combined result, cell wall growth, can be clearly understood.
